Abstract
Important Findings the distribution of age classes differed significantly among the plots: in accordance with their life histories, stands growing at a larger distance to the groundwater harboured a larger fraction of old trees (>80 years) and, in most cases, a smaller fraction of young trees (≤20 years). the annual above-ground wood production per ha was highest on a plot with a short groundwater distance (2.0 m; maximum of the 3-year investigation period: 3.0 t ha −1 a −1
) and lowest, at a plot with a large distance to the water table (6.6 m; minimum: 0.23 t ha −1 a −1
). However, the plot located close to the groundwater (and to the river) at the middle reaches exhibited a relatively large interannual variation in above-ground wood production, which can be attributed to interannual variations in the river discharge. At the middle and the lower reaches, these interannual variations on plots with the most favourable water supply were even more obvious at the tree level. For the fraction of mature trees (60-99 years old), no significant differences in above-ground wood production were found between the plots with the most and the least favourable water supply. Overall, the productivity at the stand level was most closely correlated with the stand density (number of trees per ha, tree cover percentage). Productivity was negatively related to tree age, whereas groundwater distance alone was not a good predictor of above-ground wood production. In conclusion, vigorous growth of P. euphratica is possible at sites with groundwater distances of up to 12 m. Supply with 'ecological water' may be beneficial to trees growing at groundwater distances not larger than ~6 m. However, allocation of water should focus on stands with a short distance to the groundwater because only under these conditions, natural generative reproduction of the poplars is possible.
Keywords: allometry, ground water, life history, tree-age distribution, tugai forest forests along streams such as the Tarim River at the northern and eastern fringe of the Taklamakan Desert in south-western Xinjiang (Wang et al. 1996) . In that region with its hyper-arid climate (ratio of mean annual precipitation to mean annual evapotranspiration < 0.03 mm mm −1 ; Whitford 2002) , this species is a phreatophyte, which relies on permanent access to the groundwater for survival and growth (Gries et al. 2005 ; Thomas et al. 2006) . Therefore, besides wood harvest (Lang et al. 2015) and grazing (Cao et al. 2012; Säumel et al. 2011) , the distance of the poplars to the water table exerts the largest effect on the growth and productivity of the trees and stands.
Groundwater distance also affects regeneration. Generative regeneration by Euphrates poplar seeds is only possible after intense flooding, which allows the emerging root to grow rapidly down to the capillary fringe of the water table (Thevs et al. 2008b) . But during the life history of the P. euphratica trees and stands, the distance of the above-ground parts of the tree to the groundwater can increase due to wind-driven sand accumulation. This can be tolerated by the trees to a certain extent due to their capability to keep pace with sand encroachment through height increment of the stem. Changes in the river course or in a decrease in river discharge due to excess withdrawal of water upstream for irrigation of extensive agriculture (Feng et al. 2005; Geist 2005; Thevs et al. 2015) constitute other important causes of a lowering of the water table. At larger distances to the groundwater, where seeds cannot germinate due to a lack of water supply to the soil surface, regeneration is only possible vegetatively through 'root suckers'. These are formed by root buds, which are inserted on spacers that run almost horizontally within the uppermost 0.6 m of the soil, and can form new aboveground shoots at distances of up to 40 m from the 'parent trees' (Wiehle et al. 2009) . By this process, large clones can develop that cover areas of up to 121 ha (Vonlanthen et al. 2010) . However, the capability of the poplar stands to form suckers-and, thus, to rejuvenate-decreases with increasing distance to the groundwater (Zerbe and Thevs 2011) ; therefore, it has to be expected that the age structure of the stands shifts towards a smaller fraction of young and a larger fraction of old trees with increasing distance to the groundwater, and that stands growing at large distances to the water table are sparser-and, thus, less productive at the stand level-due to their reduced capability to rejuvenate. In contrast, dense poplar stands with a large fraction of young trees should only be found at sites with a relatively small distance to the groundwater (cf. Westermann et al. 2008) .
A lower density of stands growing at larger distances to the groundwater is not necessarily associated with a decreased productivity of all individual trees: according to our own previous observations, the sap flux density in the stem xylem (a measure of the whole-plant transpiration, which is coupled to carbon assimilation) of mature trees was not significantly different between poplar trees growing at short (2.0 m) and large distances (12.0 m) to the groundwater. This finding indicates that well-established trees with sufficient access to the groundwater may exhibit the same rate of biomass production as similarly aged trees growing at a short distance to the water table. The latter ones, however, may display significant interannual variation in above-ground wood production: the annual stem diameter increments of mature trees belonging to the canopy layer were found to be significantly correlated with the preceding years' river discharge in a P. euphratica stand growing close to the groundwater (and to the Tarim River), but not in stands located at larger distances to the water table (Rumbaur et al. 2015) .
Especially in the lower reaches of the Tarim River, poplar forests are supplied with so-called 'ecological water' (Xu et al. 2006) , i.e. water derived from Bosten Lake (Bagrash Köl) via the Daxihaizi Reservoir at the eastern margin of the Taklamakan Desert at a rate of up to 500 million m 3 per year Zhu et al. 2006) . Presumably, supply with 'ecological water' will also rise the local level of the water table. This additional water supply is expected to arrest the degradation of the forests and to contribute to protecting and restoring the poplar stands. Several observations and studies have already provided evidence of the effects of groundwater distance on the structure, growth and rejuvenation of P. euphratica trees and stands in the hyper-arid region of north-western China. At individual sites and under specific conditions, it has been shown that with an increase in the distance to the water table or to the river, the vegetation cover including tree density becomes sparser (e.g. Li et al. 2013; Thevs et al. 2008a; Westermann et al. 2008) , tree morphology is altered towards a smaller crown diameter (Aishan 2016 ) and a lower ratio of tree height to stem diameter (Aishan et al. 2015) , tree growth increment is reduced (e.g. Gries et al. 2003; Li et al. 2010; Ling et al. 2015; Wang et al. 1996) and the rejuvenation of the poplars is increasingly hampered (Thevs et al. 2008b) . Likewise, the beneficial effect of 'ecological water' on the health status and the morphology of the trees decreases with increasing distance to the river (Aishan et al. 2013 (Aishan et al. , 2014 . In addition, the water supply influences the age structure of the poplar stands (Eusemann et al. 2013; Thevs et al. 2012) . Biomass production of P. euphratica has been determined at the Amu River (Buras et al. 2013) . In spite of all these valuable contributions to our understanding of the structure and functioning of the riparian P. euphratica forests under the arid climate of Central Asia, a quantitative investigation of the effects of the groundwater distance on the above-ground wood production from the tree to the stand level, combined with evaluations of stand structure, age distribution and morphology of the trees in a replicated approach, is still missing. Therefore, on the basis of existing results, we aimed at testing the following hypotheses:
(1) The fraction of old poplar trees is large (and the fraction of young trees is small) in P. euphratica stands growing at a large distance to the groundwater (and vice versa for stands growing at a short distance to the groundwater); (2) With increasing distance to the groundwater, a decrease in stand density is the principal cause of a lowered productivity of above-ground wood biomass at the stand level;
(3) The interannual variance in productivity is highest in stands that grow at a short distance to the groundwater or are supplied with 'ecological water' due to effects of interannual changes in the river discharge; (4) Even at large distances to the groundwater, mature trees can reach the same productivity as trees growing close to the groundwater.
We tested these hypotheses through investigations at one site each at the upper, middle and lower reaches of the Tarim River at the northern and eastern fringe of the Taklamakan Desert, Xinjiang, China on plots differing in the distance to the groundwater or in water supply. We determined variables of the stand structure and tree morphology, conducted tree-ring analyses and calculated tree and stand productivity using allometric regressions retrieved from the literature. Deeper insight into the relationships between productivity, stand structure and distance to the groundwater will increase our knowledge of the growth and decline processes during the life cycles of the poplar stands and might also provide a sounder basis for the development of management plans for using (e.g. Lang et al. 2015) or conserving this widely distributed Eurasian forest type.
MAtERIALS AND MEtHODS

Study sites, stand structure and tree morphology
The study sites were situated at the northern and eastern rim of the Tarim Basin in the south-western part of the XinjiangUighur Autonomous Region, PR China (Table 1 ). The climate of the region is hyper-arid with a mean annual temperature of 9-12°C (January, −6 to −10°C; July, 24-27 °C), minima of as low as −27 °C and maxima of ~40 °C, a potential evaporation of 2500-3000 mm per year and a mean annual precipitation of <100 mm in the western part and <10 mm at the eastern fringe (Walter and Breckle 1994) . The study sites belonged to the principal study regions of the joint Sino-German project 'Sustainable Management of River Oases along the Tarim River - SuMaRiO' (2011 SuMaRiO' ( -2016 . They were located at the upper (close to the village of Gezkum in the vicinity of the city of Xayar; site X1), middle (near the village of Yingbazar, site Y) and lower reaches (near the settlement of Arghan; site A) of the Tarim River and comprised forest stands representative of the respective regions.
At the Xayar site, no marked gradients in the depth of the water table could be found due to the uniformly level topography of the area with a groundwater distance of ~2 m; but a considerable part of the forest had been subjected to wood harvesting by pollarding in previous years. Therefore, we selected only one plot at that site (plot X1), which had not been pollarded and had also served as a non-used control plot in another study on the effects of wood harvesting on the growth and morphology of P. euphratica trees (Lang et al. 2015) . Logging of some trees had taken place on this plot in the past decade. This, however, exerted no influence on the radial and cross-sectional stem increment of the remaining trees (Lang et al. 2015) . Moreover, cutting of ~50% of the stems in a 20-year-old P. euphratica stand growing at the southern fringe of the Taklamakan Desert did not result in a decrease in stem increment (Gries et al. 2005) . Therefore, we can assume that the logging activities did not affect the productivity of the trees at our study site.
Besides being part of the SuMaRiO study regions, the Yingbazar site was selected because it offered the opportunity to conduct part of the research in a largely undisturbed nature reserve (Tarim Huyanglin Nature Reserve; plot Y1, see below), and because information on the structure and performance of the riparian poplar forest of that area was available from previous studies that had been conducted there (e.g. Thevs et al. 2008a Thevs et al. ,b, 2012 Westermann et al. 2008; Wiehle et al. 2009 ). In addition, the other two study plots at that site were too remote to be significantly influenced by wood harvesting, browsing or grazing. This was also true for the Arghan site, which had also been subject to research on P. euphratica stands in the past (e.g. Chen et al. 2010; Hoppe et al. 2006; Westermann et al. 2008) .
At Yingbazar and Arghan, three plots each (1-3) were selected that differed in their distances to the water table or in the water supply, with plot 1 exhibiting the shortest distance to the groundwater or the most favourable water supply, and plot 3, the largest distance to the groundwater. At site A, the plots A1 (5.2 m) and A2 (4.8 m) displayed the same average distance to the water table, but plot A1 was situated close to a riverbed and was supplied with 'ecological water' in most years since 2000, which should result in at least a temporary rise of the water table on this plot (see Introduction). Thus, the water supply on plot A1 of the Arghan site should be better than on plot A2. The distances between the plots were 1.9 km (A1-A2), 1.0 km (A1-A3) and 1.5 km (A2-A3) at Arghan; and at Yingbazar, 7.7 km (Y1-Y2), 10.6 km (Y1-Y3) and 7.0 km (Y2-Y3). Field work was conducted in summer 2011 at site X1, in spring 2012 at site Y and in spring 2013 at site A.
Each plot covered an area with a radius of 50 m around a central tree in a stand with a homogeneous structure. All tree ramets >1.5 m of height were recorded. The perimeter of each ramet was measured with a tape measure to calculate the diameter at breast height (dbh). The height of taller trees was determined with an ultrasonic hypsometer (Vertex IV, Haglöf Co., Långsele, Sweden). The crown projection area of the trees was computed as the sum of eight triangles, which resulted from vertical sighting-tube projections (Grube, Eberswalde, Germany) of the crown onto the horizontal plane.
The distance to the groundwater was determined with a hand-driven soil auger (Edelman Sand; Eijkelkamp Soil & Water, Giesbeek, The Netherlands) in four (A1-A3) or seven spots per plot (X1, Y1) and with a drill hammer (Cobra mk1; Stitz GmbH, Gehrden, Germany), coupled to a hydraulic rod drawer (SZ-13A; Stitz GmbH), in one spot of plot Y2.
In plot Y3, the distance to the water table was explored in one spot by a commercial company using the rotary drilling technique.
Tree coring, determination of tree age and growth analyses
Two increment cores per tree were taken with an increment borer (5 mm of diameter, length 400 mm; Suunto, Vantaa, Finland) at breast height (1.3 m) from 20 trees per plot at sites X and Y; and from 30, 36 and 25 trees (to obtain chronologies with a better fit) growing on plots A1, A2 and A3, respectively (henceforth, these trees will be named 'UT trees' as they were permanently marked with a tag labelled with 'UT' for 'University of Trier' and a consecutive number for easier retrieval). The increment cores were fixed with adhesive tape to corrugated cardboard for storage and transport. In the laboratory of the Geobotany Department, they were prepared for tree-ring analyses by cutting the uppermost 0.5 mm using a microtome (Swiss Federal Research Institute WSL, Birmensdorf, Switzerland). The ring widths of the cores were measured with a moveable object table (Lintab 5, RINNTECH, Heidelberg, Germany) and a stereo microscope (Carl Zeiss, Jena, Germany) with an accuracy of 10 µm. For a given year, the ring widths of both cores were averaged for a given tree. In the case of trees with partly hollow stems, which occurred on plot Y3 and, rarely, on plots Y1 and Y2 and at Xayar (cf. Lang et al. 2015) , the tree-ring widths were reconstructed by comparisons with increment cores from non-hollow stems on the basis of the curvature of the tree rings with the aid of a master plate derived from a standard stem.
At Xayar (X1), the formation of the newest tree ring can be assumed to have already been finished in the year of field work (2011) at that site because the cores have not been taken before the end of July, at a time when the annual growth increment of the trees is already completed (cf. Babst et al. 2014; Thomas et al. 2008) . At the other sites (Y, A), field work took place in spring; therefore, the last complete tree ring was the ring that had been formed in the preceding year.
As tree cutting for calculating allometric regressions was not permitted at our study sites, we calculated above-ground wood biomass of the trees (stem, branches and twigs) using allometric regressions established by Chen and Li (1984) on the basis of 42 cut P. euphratica trees of different (juvenile to mature) age classes:
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with h = tree height (m) and dbh = diameter at breast height (cm). The solutions of the equations give the dry mass of the respective compartment in kg. Trunk biomass and branch and twig biomass were added to give the total above-ground wood biomass. These allometric regressions have also been used to compute the standing wood biomass and the productivity of P. euphratica stands at the middle reaches of the Tarim River (Thevs et al. 2012; Wang et al. 1996) and at the Amu Darya (Turkmenistan; Buras et al. 2013; Thevs et al. 2012) . However, we refrained from calculating leaf and root biomass on the basis of similar allometric regressions because of the relatively low value of the regression coefficient for leaf biomass (Wang et al. 1996) , and because-especially at large distances to the water table-it is not possible to attribute the below-ground parts of the tree reliably to the trunk and the root fraction if the stem has grown up together with the encroaching sand. The standing biomass calculated at the plot level (7854 m 2 )
was scaled up to 1 ha. We determined the tree age in two ways: for the UT trees, by counting the tree rings from the increment cores; and for the other trees, on the basis of the relationship between dbh (which we had measured in the year of our field work) and tree age according to Wang et al. (1996) . These published relationships provided a better basis for our calculations than our own tree-ring analyses, which could only be conducted for 20-36 trees per plot (see above). We used the allometric regressions of equations (1) and (2) to calculate the annual production of trunk and branch + twig biomass for the most recent 3 years (we restricted to this period of time because of the increasing risk of significant errors in case of calculating values for earlier years due to possible non-retraceable changes in the stand structure). For the UT trees, we computed the annual dbh increment on the basis of the tree-ring widths. For the other trees, we calculated the annual dbh increment from the relationship between dbh increment and tree age according to Wang et al. (1996, Table 7-1) . For all trees, the annual height increment of the trees was calculated on the basis of the measured tree heights in the year of our field work and the relationship between the increment in tree height and tree age according to Wang et al. (1996, Table 7-1) .
In addition to the calculation of above-ground wood production at the stand level, we also computed the aboveground wood production of all individual trees belonging to the age class of 60-99 years (i.e. beyond the threshold of maturity according to Wang et al. 1996) . This age class (per plot and year: 6 trees at Xayar, 13-25 trees at Yingbazar and 5-35 trees at Arghan) was chosen because it was the class of the highest tree age represented in all our study plots, and because we aimed at testing whether trees that, in all probability, have become established in times of close distance to the groundwater still can be equally productive once the groundwater distance has become larger.
Statistical tests
Mean values are given ±1 standard error (SE), when applicable. Differences in tree morphology (tree height, dbh) and in tree-related above-ground wood production among the plots at a given study site were tested on statistical significance with the Kruskal-Wallis H test, followed by multiple pairwise Dunn's tests. Differences in tree-related above-ground wood production between years on a given plot were tested with the Friedman test for repeated measurements analysis, followed by the Tukey test (which is more conservative than other common post hoc tests and is recommended in cases of equal group sizes as in the present case). Because we also wanted to test (according to our hypothesis (3)) whether the interannual variance in above-ground wood production was higher in plots with a short distance to the water table (due to a larger influence by interannual variability in the river discharge) than in plots with a larger groundwater distance, we first normalized our productivity data from sites Y and A according to Bukata and Kyser (2008) by subtracting the smallest value of a given data set from all the individual values of that set and dividing the resulting differences by the difference between the largest and the smallest value of that set (resulting in values between 0 and 1 for each set). The variances of these data sets (three variances per plot) were tested on homogeneity according to Cochran (Sachs and Hedderich 2006) .
To statistically compare the stands' age structures among the plots at a given site, the absolute numbers of trees belonging to different age classes (class widths of 20 years in the range of 1-100 years plus one additional class for trees older than 100 years) were converted to percentage values. This was necessary due to the different numbers of trees per ha at a given plot (Table 1) . Differences among the age structures were then tested on statistical significance using k × c chi-square contingency tests, followed by multiple k × 2 chisquare contingency tests in the cases of significance (Sachs and Hedderich 2006) .
We used linear, logarithmic and exponential correlations to test the relationships between the standing above-ground wood biomass and the soil surface area-related production of above-ground wood biomass (dependent variables) and the groundwater distance, tree age, stand density (i.e. number of trees per ha) and tree cover percentage (independent variables) as well as between groundwater distance, tree age and stand density on significance against the distribution of F-values (the Xayar site was excluded from testing correlations with the standing above-ground biomass due to logging at that site; see Study sites, stand structure and tree morphology). We applied multiple linear regression to test which of the independent variables 'groundwater distance', 'average tree age' and 'stand density' has the largest effect on the standrelated above-ground wood production. In a second step, the variable 'average tree age' was excluded from the multiple regression to avoid multicollinearity (there was a significant correlation between the variables 'groundwater distance' and 'average tree age': r = 0.830, n = 7, P = 0.021).
All these statistical tests were conducted using SigmaPlot for Windows (version 13.0; Systat Software, Erkrath, Germany). The significance level was P < 0.05 in all cases.
RESULtS
Tree morphology and stand structure
At the study sites of Yingbazar and Arghan, the tree height decreased with increasing distance to the groundwater (or a decrease in water supply), but the dbh exhibited different trends at the study sites (largest dbh on the plot with the largest groundwater distance in Yingbazar, but on the plot with the best water supply in Arghan; Table 1 ). These features resulted in a significant decrease in the height:dbh ratio (55.4 ± 0.8 m m −1 on plot Y1 to 15.5 ± 1.3 m m −1 on plot Y3) with an increase in the groundwater distance in Yingbazar, whereas the height:dbh ratios did not differ significantly among the plots in Arghan (31.8 ± 2.0 m m −1 on average of all three plots). As had been expected, the total above-ground wood biomass decreased with increasing distance to the groundwater or a decrease in water supply, respectively (Table 1) . The structure of the stands differed among the plots: especially in Yingbazar (the site with the largest differences in the groundwater distances), the number of trees per unit soil area, tree cover and tree basal area all decreased with increasing groundwater distance; whereas in Arghan, marked differences in these variables were only obvious when comparing both plots with the smallest (A1, A2) to the plot with the largest difference to the water table (A3; Table 1 ). The Yingbazar site also exhibited the most obvious shift in the age distribution of the trees from a large fraction of young trees on plot Y1 to a more or less homogeneous distribution of the trees among the different age classes on plot Y3 (Fig. 1, supplementary Table S1): the comparisons of Y3 with Y1 and Y2 for the age fraction percentages yielded statistically significant results (Table 2 ). In Arghan, the fraction of trees with an age of more than 100 years also increased from plots A1 to A3. There, the percentage values of the age distribution differed significantly when comparing A1 with A2 and A3 (Table 2) . Across all the seven plots investigated, the average tree age of a given plot was significantly and positively related to the groundwater distance (Tree age (years) = 4.342 × Groundwater distance (m) + 17.441; R 2 = 0.689, F = 11.063, P = 0.021). Chi-square values are given for comparisons of all three plots and for plot-wise comparisons at a given site. Abbreviations: df = degrees of freedom; NS = statistically not significant; P = probability of type I error.
We excluded the Xayar site when predicting the stand density from groundwater distance and tree age because of the past logging events at that site (see Study sites, stand structure and tree morphology). From the combined data derived from the Yingbazar and Arghan sites, we obtained the following regression equations: Stand density (trees ha ; R 2 = 0.945, F = 68.197, n = 6, P = 0.001), but the relationships with groundwater distance (P = 0.051) and mean tree age (P = 0.064) were only marginally significant.
Productivity along gradients of groundwater depths
According to our expectations, the productivity of aboveground wood biomass decreased markedly with increasing distance to the groundwater and was particularly low on the plots with the largest distance to the water table at each site (Table 3) . However, we observed a considerable interannual variance on the plot with the shortest distance to the groundwater (2.0 m) at the Yingbazar site (comparison of interannual variances of all three plots: Cochran's Ĝ max = 0.944 > Ĝ max_crit = 0.871): at that site, the interannual variance on Y1 was significantly larger than on Y3 (Ĝ max = 0.9996 > Ĝ max_crit = 0.9985). At Arghan, we found no significant differences in the interannual variances among the plots (Ĝ max = 0.398 < Ĝ max_crit = 0.871). When averaged for the three most recent years, we found no significant relationship between productivity and groundwater distance (Fig. 2a) . However, productivity was significantly related to tree age (in a negative way; Fig. 2b ) and stand density (in a positive way; Fig. 2c ) as well as to tree cover (Productivity (t ha −1 ) = 0.0339 × Tree cover (%) + 0.2132; R 2 = 0.916, F = 54.206, n = 7, P < 0.001), but only marginally to basal area (P = 0.056). The results of the individual regression analyses on the interrelationships among the different predictor variables and their explanatory power for the stand productivity are summarized in Fig. 3 . In a multiple linear regression, groundwater distance did not significantly contribute to predict productivity (F = 83.536, df tot = 6; P < 0.001) from groundwater distance (P = 0.333) and stand density (P ≤ 0.001) as the independent variables (the variable 'average tree age' had been excluded from the multiple regression to avoid multicollinearity; see Statistical tests). When the groundwater distance was excluded from the multiple linear regression, the independent variables 'average tree age' and 'stand density' explained 95.5% (adjusted R 2 ) of the model's variation (F = 64.550, df tot = 6; P < 0.001).
For the individual mature trees of the age class 60-99 years, we found no consistent trend of above-ground wood production with changes in the groundwater distance. At Yingbazar, a significantly higher productivity by the trees growing close to the water table (Y1) was detected in only one instance (year 2011); and at Arghan, the productivity of those trees on the plot with the largest distance to the groundwater (A3) Wood production was calculated on the basis of tree-ring widths, tree height and stem diameter at breast height according to Chen and Li (1984) . Abbreviation: ND = not determined.
Figure 2: relationships between above-ground wood production of Populus euphratica stands and distance to the groundwater (a), average tree age (Productivity = −1.778 × ln(Tree age) + 7.7506) (b), and stand density (Productivity = −0.0089 + 0.0057 × Stand density) (c) at the study sites of Xayar (X1), Yingbazar (Y1-Y3) and Arghan (A1-A3) (mean values ± 1 standard error of the three most recent years). Coefficients of determination (R 2 ) and the probability of type I error (P) are given for the best linear or logarithmic fit of the regressions.
was not lower than on the plot with the largest water supply (A1) (Fig. 4) . However, we found considerable differences on a given plot between individual years: at Yingbazar, the above-ground wood production was highest in 2011 with significant differences to the years 2009 and 2010 (plot Y1), 2010 (plot Y2) and 2009 (plot Y3). On plot A1 of the Arghan site, the productivity was significantly higher in 2011 and 2012 than in 2010. At Xayar, the productivity of the mature trees (mean value of the 3 years of investigation: 6.7 ± 0.7 kg tree −1 a −1 ) did not significantly differ between the years (Friedman test: chi-square = 0.333, df = 2, P estimated = 0.846).
DIScUSSION
Against the background of previous studies, which have separately investigated the effects of the groundwater distance, of the distance to the river or of supply with 'ecological water' on the structure (e.g. Thevs et al. 2008a) , tree morphology (e.g. Aishan et al. 2014) and radial stem increment (e.g. Ling et al. 2015) of P. euphratica trees and stands, we pursued the aim of establishing quantitative relationships between groundwater distance, stand structure and above-ground wood production, which is a decisive variable of ecosystem functioning and a pivotal provisioning ecosystem service of forests (cf. Chapin et al. 2011) .
Stand structure and productivity at the stand level
Our results demonstrate that productivity of above-ground wood biomass is not an immediate function of the distance to the water table, but more closely related to the stand structure, which is largely determined by the age distribution of the trees and the stand density: the stand density, in particular, was most closely correlated with wood biomass production and the standing wood biomass per unit soil-surface area. This finding can be explained with the life history of the P. euphratica stands: the possibility of generative rejuvenation Figure 4: average above-ground wood production per tree (±1 standard error) of Populus euphratica ramets of the age class 60-99 years (beyond the 'mature' stage according to Wang et al. 1996) on plots with different distances to the groundwater (Y1-Y3, A1-A3) at the study sites of Yingbazar (middle reaches of the Tarim River) and Arghan (lower reaches). Values that share the same lower-case letter do not differ significantly among the plots in a given year (Kruskal-Wallis tests with subsequent multiple pairwise Dunn's tests); values that share the same capital letter or are not marked with a capital letter do not differ significantly among the years on a given plot (Friedman test for repeated measurements analysis). The arrow indicates a particularly strong increase in tree-wise wood production from 2010 to 2011 on plot Y1 (groundwater distance 2.0 m) of the Yingbazar site upon a huge increase in the river discharge at Yingbazar in the year 2010 (prior to the increase in wood production; see text).
ceases and the trees' capability for vegetative reproduction diminishes with increasing distance to the water table; and vegetative reproduction is no longer possible at groundwater depths of more than 8 m (Zerbe and Thevs 2011) . Thus, an increase in the distance to the water table results in sparser stands that exhibit a smaller fraction of young and a larger fraction of old trees. These results give support to our first two research hypotheses. The existence of some relatively young tree specimens at plot Y3, the plot with the largest distance to the water table, might be due to the formation of root suckers at a time when the groundwater distance still was shorter.
Because the processes that result in larger distances to the groundwater (sand encroachment, lowering of the water table) can proceed at different paces in dependence on the topography and the water supply via the Tarim River, the relationships between groundwater distance and tree age, and between tree age and above-ground wood production, are-although being statistically significant-less tight than the correlation between stand density and productivity: at a stand level, productivity can vary considerably among stands with a similar mean value of tree age, especially when the mean tree age is low. High stand densities and comparatively large fractions of younger trees (upon intensive vegetative regeneration) in stands with a relatively large distance to the water table may be a legacy of time periods of a much shorter distance to the groundwater, which has increased during the most recent decade(s) due to rapid sand encroachment or an intense lowering of the groundwater as a consequence of drilling for wells, which is common practice in that region (Yimit et al. 2006) . Thus, for stand structure, tree morphology and productivity, the pace of the decrease in the groundwater level may be at least as important as the process itself.
The results of our regression analyses on the interrelationships among the different predictor variables and their explanatory power for the stand productivity demonstrate that with an increase in the groundwater distance, the average tree age of a stand will increase due to a diminished capability of tree rejuvenation, which, in turn, will result in a lowered stand density and, as a consequence, in a reduced above-ground biomass production. Of course, an immediate decrease in stand productivity is also possible upon a rapid and intense lowering of the water table. Our result of no simple, immediate relationship between stand productivity and the distance to the water table is in contrast to the findings by Buras et al. (2013) and Thevs et al. (2012) , who assumed a negative correlation between stand productivity and the distance to the Amu Darya and, thus, the distance to the water table; however, those studies lacked simultaneous integrative measurements of groundwater distance, tree age and productivity.
The above-ground wood production of 0.23-2.97 t ha −1 a −1 calculated by us is in the same range as the net primary production of 0.3-3.0 t ha −1 a −1 determined for P. euphratica stands by Buras et al. (2013) , which, however, also comprised roots and leaves. A slightly higher above-ground wood production of up to 3.3 t ha −1 was found in a ~20-year-old coppice stand of P. euphratica that had vegetatively regenerated after clear-cutting (Gries et al. 2005 ) corresponds with the total (above-and below-ground) biomass of up to 58.4 t ha −1 determined for P. euphratica stands growing along the Amu Darya and the Tarim River (Thevs et al. 2012) .
The high predictive power of stand density and tree cover for the standing above-ground wood biomass and aboveground wood production (R 2 ≥ 0.8) render these stand-structure variables valuable for the large-scale assessment of forest growth and carbon sequestration at a landscape level on the basis of remote-sensing techniques as crowns of individual P. euphratica trees can be identified and surveyed on the basis of QuickBird and WorldView2 images (Gärtner et al. 2014) . Our result that the interannual variance in above-ground biomass production was significantly larger on a plot with a short distance to the groundwater and to the river (plot Y1) than on the plot with the largest distance to the groundwater (plot Y3) supports our third hypothesis. This finding indicates that at such sites, the biomass production of the trees responds susceptibly to interannual changes in the river discharge. Such an assumption is corroborated by tree-ring analyses conducted on increment cores from plot Y1, which, for a time span of almost five decades, yielded a significantly positive correlation between the stem diameter increment of the poplar trees and the river discharge of the preceding year (which, normally, reaches its maximum in late summer or autumn, when the trees have already completed their annual growth increment) (Rumbaur et al. 2015 ).
Productivity at the tree level
In comparing mature trees of the same age class (60-99 years), we found a relatively high productivity even in trees growing at the largest distances to the groundwater at the study sites of Yingbazar and Arghan. This is in accordance with our fourth hypothesis, which is based on (unpublished) measurements of the rates of xylem sap flux through the stem. Lower water tables and taller poplar stems bring about a decrease in the trees' hydraulic conductivity, which, along a groundwater distance gradient of as large as 23 m, can result in lower growth rates (Gries et al. 2003) . In theory, the negative effects of a decrease in the hydraulic conductivity on tree growth can be compensated for by the lower competition for light among the crowns of the well-established trees in the sparse stands growing at larger distances to the groundwater. Such a mechanism could have been effective on the plots at Yingbazar and Arghan with their sparse tree cover along groundwater distances of 5-12 m. Alternatively, the consistently high productivity along the groundwater gradient might be explained by release from interspecific competition. However, plot Y1 with a very short distance to the water table was the only plot with a dense understory consisting of Phragmites australis reed with interspersed Halimodendron halodendron, Glycyrrhiza inflata and Tamarix species; on all the other plots (including plot X1 with a short groundwater distance), the understorey was much sparser. Thus, it is improbable that a decrease in interspecific competition has facilitated the high productivity of the trees at larger distances to the groundwater. Therefore, we conclude that a successful establishment of a tree with good access to the water table ensures high productivity in the long term provided that intraspecific competition is not too strong and sand encroachment is not too rapid. This conclusion should be valid at least for trees growing at groundwater distances of up to 12 m.
Interannual variation in above-ground wood production, which has been found at the stand level, has also been detected at the level of individual trees. At Yingbazar, these differences coincide with differences in the annual discharge of the Tarim Yu et al. 2015) . There, at the middle reaches of the Tarim River, the annual flood arrives in late summer or autumn, when the poplars have already completed their annual growth increment (Gries et al. 2005; Thomas et al. 2008) . Therefore, a surplus of river water can be used by the poplars for an increase in wood production not before the subsequent year. This interpretation is also in accordance with the observed significantly positive correlation between the annual tree-ring increment and the river discharge of the preceding year (Rumbaur et al. 2015 ; see Stand structure and productivity at the stand level). For the Arghan site, modelled data (MIKE HYDRO, Hørsholm, Denmark) are only available for the water gauge at Qiala, ~160 km to the northwest of the Arghan study plots. According to these data, the river was almost completely dry in 2009 at that gauge, whereas in 2010 and 2011, river discharge was 19.9 × 10 6 m 3 and 34.9 × 10 6 m 3 , respectively (Y Yu, TU Munich, personal communication). As in that part of the river, the discharge is largely governed by the water supply from the Daxihaizi Reservoir and as there is basically no farmland along the river course from Qiala to Arghan, we conclude that a larger supply with 'ecological water' was the reason for the increase in tree-related productivity in 2011 and 2012, compared with 2010. This conclusion also is in line with personal communication from employees at the forest administration of the Arghan region, stating that the water supply at the lower reaches of the river was considerably larger in 2010 and 2011 than before. Our result of an increase in tree-related biomass production upon supply with 'ecological water' is paralleled by the finding of an increase in the radial stem growth of P. euphratica trees upon flooding in the Arghan region (Westermann et al. 2008) . At the stand level, however, the opposite trend was observed (Table 3) , which might indicate that it was the mature, well-established trees that benefited from an increase in water supply, maybe at the expense of younger specimens that might have been formed from 'root suckers' of parent trees.
Implications for the conservation of riparian P. euphratica forests in Central Asia
Our study demonstrates that vigorous growth of individual P. euphratica trees is possible at sites with groundwater distances of up to 12 m. This finding is also backed by previous investigations, which have shown that trees of this species can even grow at groundwater distances of up to 23 m (Gries et al. 2003) ; and disproves assessments saying that this species cannot exist at distances of more than ~8 m from the water table . However, it gives support to previous conclusions stating that stand density, tree cover, standing wood biomass and productivity of the poplar stands reach their optimum at distances of up to ~6 m to the water table (e.g. Ma et al. 2013; Thevs et al. 2012) . Up to these groundwater distances, poplar stands may benefit from 'ecological water' that is diverted to these riparian forests for protection and conservation (e.g. Xu et al. 2006) and may ensure the long-term existence of riparian poplar forests growing at such groundwater distances by facilitating vegetative regeneration. According to studies on water conveyance (Chen et al. 2010) and modelling approaches (Ling et al. 2015) , supply of the Tarim River's lower reaches with 'ecological water' has the potential to lift the water table by up to ~5 m, to increase the stem diameter increment of the trees and to let some large trees regenerate and rejuvenate in narrow belts along the river shores. 'Ecological water' might also help forming new riverbeds, which provide prerequisites of seed germination and establishment of young poplar trees in the moist sand (Aishan et al. 2013; Huang 2006) . Along the Tarim River, formation of (near-)natural riverbeds to facilitate the rejuvenation of P. euphratica stands becomes even more important as large parts of former riverbanks are no longer flooded upon embankment by a large-scale construction of dykes . However, lifting the water table up to a distance of 1-2 m below the soil surface may be disadvantageous due to salinization of the uppermost soil layers upon upward capillary flow of dissolved minerals (Fan 2006) . Then, regular flooding would be necessary to remove the salt from the upper soil. Therefore, under conditions of limited water resources, it seems inappropriate to divert large quantities of water to poplar stands growing at large distances to the water table: generative reproduction of P. euphratica, which is necessary to maintain genetic diversity of the stands in the long term, is restricted to groundwater distances of <2 m (Thevs et al. 2008a) ; and stands growing at larger groundwater distances cannot reproduce generatively at all, lose their capability to reproduce vegetatively with increasing age and distance to the water table and are foredoomed to die off. Instead, continuous and sufficient water supply to P. euphratica forests growing at short distances to the groundwater should be ensured, at which generative reproduction of the trees is possible upon flooding and can provide the basis for a longlasting existence of the forests.
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